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b1 Integrins are known to regulate terminal differentiation and morphogenesis in the adult epidermis. We have investigated
their role in the embryonic development of keratinocytes by comparing the differentiation of wild-type and b1-null mouse
embryonal stem (ES) cells. By 12±15 days in culture, differentiation of embryonic or simple epithelial cells occurred in
both ES cell populations, as detected by expression of keratins 8, 18, and 19. From 21 days, expression of keratins 10 and
14 and of the corni®ed envelope precursor involucrin indicated that some of the wild-type cells had differentiated into
keratinocytes. In contrast, keratinocyte markers were not expressed in b1-null cultures. The b1-null cells failed to express
the a2 and a3 integrin subunits on the cell surface, consistent with the association of these a subunits with b1 . Furthermore,
a6 and b4 expression was reduced in the b1-null cultures. Although b1-null ES cells failed to undergo differentiation into
keratinocytes in vitro, they did form keratinocyte cysts expressing a6b4 , keratins 1 and 14, and involucrin when allowed
to form teratomas by subcutaneous injection in mice; furthermore, b1-null keratinocytes were found in the epidermis of
a wild-type/b1-null chimeric mouse. As judged by immuno¯uorescence microscopy, extracellular matrix assembly was
severely impaired in b1-null ES cell cultures, but not in the teratomas or chimeric mouse skin. We therefore speculate
that the failure of b1-null cells to differentiate into keratinocytes in vitro may re¯ect an inability to assemble a basement
membrane. q 1996 Academic Press, Inc.
INTRODUCTION In view of the role of b1 integrins in regulating the behav-
ior of keratinocytes in the adult organism, they might be
expected to play a role in the differentiation of keratinocytesIn epidermis, b1 integrins not only mediate adhesion to
during embryogenesis. Targeted deletions of the b1 gene inextracellular matrix (ECM), but also regulate terminal dif-
mice have recently been shown to lead to embryonal deathferentiation and tissue assembly (Watt and Hertle, 1994).
shortly after implantation (FaÈssler and Meyer, 1995; Ste-Furthermore, different subpopulations of proliferating kera-
phens et al., 1995), before the epidermis develops from atinocytes can be distinguished by the levels of b1 integrins
single ectoderm layer. Alternative strategies to study kera-they express (Jones and Watt, 1993; Jones et al., 1995). In
tinocyte differentiation are to examine in vitro differentia-keratinocytes, the b1 subunit forms heterodimers with sev-
tion of b1-null ES cells, teratoma formation by ES cells (e.g.,eral a subunits, including a2 , a3 , and a5 , forming receptors
Lee et al., 1995), and the epidermis of wild-type/b1-nullfor collagen, laminin, and ®bronectin, respectively (re-
chimeric mice.viewed by Watt and Hertle, 1994). Although the a6 subunit
ES cells cultured in vitro retain their undifferentiated plu-forms a6b1 heterodimers in other cell types, it is found ex-
ripotent state (Doetschmann et al., 1985). Differentiationclusively as an a6b4 heterodimer in keratinocytes. a6b4 me-
is induced upon aggregation of ES cells to form embryoiddiates binding of keratinocytes to laminin and is a compo-
bodies from which the cells differentiate spontaneously intonent of hemidesmosomes (Sonnenberg et al., 1991).
a large variety of cell types. ES cell cultures are therefore a
useful tool for analyzing differentiation of cells carrying a
mutation lethal early in development. In recent years, sev-1 To whom correspondence should be addressed. Fax: 44-171-269-
3078. eral in vitro models of ES cell differentiation have been
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tion of 1 1 107 D3 or G-201 cells on the back of male 129/Sv mice.described which give rise to a variety of cell types, including
When the D3 tumors reached a volume of approximately 1 g, bothhematopoietic (Wiles and Keller, 1991), neuronal (StruÈ bing
D3 and G-201 mice were sacri®ced. The tumors were dissected,et al., 1995), myogenic (Rohwedel et al., 1994), and cardiac
embedded in OCT (Miles Inc.), and frozen, and 6-mm cryosectionsmuscle (Wobus et al., 1991; Maltsev et al., 1994) cells.
were cut. The ®rst and last of each series of sections were stainedEpithelial cells can be identi®ed by the expression of kera-
with hematoxylin and eosin.
tin intermediate ®laments, the composition of which,
Antibodies. The following primary monoclonal antibodies
paired type I (acidic) and type II (basic/neutral) keratins, is were used: LL001, LE41, and LE61 (mouse-anti K14, K8, and K18,
speci®c for particular types of epithelial differentiation and respectively; Lane, 1982; Purkis et al., 1990), LP2K and LL25
development (Lane and Alexander, 1990). Keratin 8 (K8) and (mouse anti-K19 and K16, respectively, kind gift of E. B. Lane,
K18 form the keratin pair that is expressed earliest during University Dundee, UK), MB1.2 (rat-anti mouse b1 integrin sub-
embryonic development (Oshima et al., 1983) and serves as unit, kindly provided by B. M. C. Chan, University Western On-
tario), 346-11A (rat anti-mouse b4 , kind gift of S. J. Kennel, Oaka marker for simple epithelium. K19 can associate with
Ridge; Kennel et al., 1986), Hal/29 (hamster anti-rat a2 , kindlydifferent partners and is expressed in embryonic, simple,
provided by D. Mendrick, Harvard Medical School; Mendrick andand strati®ed epithelia (Stasiak and Lane, 1987). The keratin
Kelly, 1993), GoH3 (rat anti-a6 , Serotec; Sonnenberg et al., 1986).pair K5 and K14 is a marker for the basal layer of epithelia,
We also used the following rabbit antisera: LH1 (anti-K1, kind giftsuch as the epidermis, that can undergo strati®cation. In
of E. B. Lane, University Dundee, UK), anti-mouse involucrin (fromthe epidermis, keratinocytes that undergo terminal differen-
BAbCo), DH4 (rabbit antiserum to cytoplasmic domain of the hu-
tiation switch from expression of K5 and K14 to K1 and K10 man a3 subunit; Bishop et al., 1995), anti-mouse type IV collagen
(Fuchs and Green, 1980). During terminal differentiation and laminin 1 (both from Becton±Dickinson), and anti-mouse ®-
keratinocytes also initiate expression of proteins that form bronectin (from Biogenesis).
the corni®ed envelope of the outermost cell layers: involu- The secondary antibodies used were: FITC-conjugated rabbit
crin is an abundant envelope precursor in both mouse and anti-mouse, donkey anti-rabbit, goat anti-rat, goat anti-hamster IgG
(all from Sigma Chem.), DTAF-conjugated goat anti-mouse andhuman epidermis (Simon, 1994).
Texas Red-conjugated donkey anti-mouse, donkey anti-rabbit, goatComparison of the capacities of wild-type and b1-null ES
anti-rat, and goat anti-hamster IgG (all from Jackson Lab.).cells to differentiate in vitro has already proved useful for
Immuno¯uorescence. Embryoid bodies grown on coverslipsinvestigating the role of b1 integrins in the differentiation
were rinsed in PBS, ®xed with either acetone for 8 min at 0207Cof cells into cardiac muscle (FaÈssler et al., submitted for
or 4% paraformaldehyde for 10 min at room temperature, and thenpublication). This approach has therefore been applied to
incubated with 10% FCS/PBS for 30 min at 377C. Incubation withkeratinocytes. Here, we report on the expression of markers
both primary and secondary antibodies was performed for 30 min
of epithelial differentiation in wild-type and b1-null ES cells at 377C and the cells were washed in PBS after each incubation.
in vitro and after subcutaneous injection in vivo. In addi- Finally the specimens were mounted in Gelvatol and examined
tion, we have examined whether the epidermis of a wild- and photographed using a Zeiss Axiophot microscope (Carl Zeiss
type/b1-null chimeric mouse contains b1 integrin-de®cient Ltd.) or, where indicated, a MRC-600 laser scanning confocal micro-
keratinocytes. scope (Bio-Rad Microscience). The cryosections of ES cell tumors
and of wild-type/b1-null chimeric mouse skin (see below) were
®xed with acetone for 8 min at 0207C and otherwise treated in the
same way as described for the embryoid body cultures.
MATERIALS AND METHODS Flow cytometry analysis. Embryoid body cultures were disaggre-
gated using 0.05% trypsin/0.02% EDTA and incubated with anti-b1,
anti-b4, or anti-a6 antibodies diluted in PBS for 15 min on ice. AfterCell culture and in vitro differentiation. The wild-type embry-
washing with cold PBS containing 10% FCS, the cells were resus-onic stem cell line D3 (Doetschmann et al., 1985) was cultured on
pended in the appropriate FITC-conjugated secondary antibody as be-a feeder layer of mitomycin C-treated primary mouse embryonic
fore. Control samples were labeled with secondary antibodies alone.®broblasts in Dulbecco's modi®ed Eagle's medium supplemented
After washing, the cells were passed through a FACScan (Becton±with 15% fetal calf serum (FCS), 2 mM L-glutamine, nonessential
Dickinson). Five thousand to 10,000 cells were analyzed per sampleamino acids, 50 U/ml penicillin/streptomycin, and 50 mM b-mer-
and dead cells (positive for propidium iodide) were gated out.captoethanol (all reagents from Gibco BRL) (Wobus et al., 1984,
RT±PCR analysis. Fifty embryoid bodies including outgrowths1991). The b1 integrin-de®cient cell line D3/G-201 (FaÈssler et al.,
were harvested in 500 ml of 4 M guanidinium thiocyanate, 0.1 M1995) was grown without any feeder layer in the above medium
Tris/HCl, pH 7.5, and 0.1% b-mercaptoethanol. Poly(A)/ RNA wascontaining 5000 U/ml of leukemia-inhibiting factor (LIF, Williams
isolated using HYBOND-messenger af®nity paper (Amersham) ac-et al., 1988).
cording to the method of Sheardown (1992). DNase I-digested poly(A)/The procedure of differentiation is schematically illustrated in
RNA was reverse transcribed using random hexamer primers and M-Fig. 1. Embryoid body formation was initiated in hanging drops of
MLV reverse transcriptase (Gibco, Paisley, UK). The products of the600 cells in 20 ml of medium containing 20% FCS (Rudnicki and
reverse transcription reactions were denatured for 5 min at 957C andMcBurney, 1978). After 2 days the embryoid bodies were washed
one-tenth was subjected to ampli®cation by 30 cycles of PCR at 607off and cultivated for another 3 (D3) or 7 (G-201) days in suspension
and 947C. The PCR products were then separated on 1.9% agarosein bacteriological petri dishes (Greiner) before they were transferred
gels. The oligonucleotide pairs used for PCR ampli®cation were cho-to gelatinized (D3) or uncoated (G-201) cell culture dishes (Falcon).
sen from the published sequences of the individual genes (Steinert etCoverslips were added to culture dishes to be used for immuno¯u-
al., 1983; Krieg et al., 1985; Singer et al., 1986; Tokunaga et al., 1986;orescence analysis.
ES cell tumors. Tumors were generated by subcutaneous injec- Djian et al., 1993; Gandarillas and Watt, 1995) and were as follows:
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FIG. 1. Schematic illustration of the experimental protocol used for the in vitro differentiation studies.
K18, 5*-TTGTCACCACCAAGTCTGCC-3* and 5*-TTTGTGCCA- TCGGCGTTCTGGCACTCGG-3*; involucrin, 5*-GGTGTACAG-
AAGCTTCCAAGATGTCC-3* and 5*-GGCATTGTGTAGGAT-GCTCTGACTCC-3*; K14, 5*-GTGTCCACTGGCGATGTGAAC-
GTGG-3* and 5*-GCTGCCGCAGTAGCGACTCTACTGT-3*; K10, GTGGAGTTGG-3*; and actin, 5*-GTTTGAGACCTTCAACAC-
CCC-3* and 5*-GTGGCCATCTCCTGCTCGAAGTC-3*.5*-CGCAAGGATGCTGAAGAGTGGTTC-3* and 5*-TGGTAC-
TABLE 1
Immuno¯uorescence Staining of Embryoid Body Cultures at Different Stages of Differentiation
Time of differentiation (days in culture)
12 15 21 23 27 33
Protein Wild-type b1-Null Wild-type b1-Null Wild-type b1-Null Wild-type b1-Null Wild-type b1-Null Wild-type b1-Null
K19 /a / / / //0 //0 //0 //0 //0 //0 0b 0b
K8/18c 0 //0 / / / / / / / / / /
K14 0 0 0 0 / 0 / 0 / 0 / 0
K1 n.d.d n.d. n.d. n.d. 0 0 0 0 0 0 0 0
Involucrin n.d. n.d. n.d. n.d. 0 0 0 0 0 0 0 0
a Scoring was as follows: (/) many positive patches, (//0) a few positive patches, (0) no positive staining at all.
b Occasional positively stained cells were detected.
c Staining with antibodies to K8 and K18 gave the same results.
d n.d., not determined.
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FIG. 2. Expression of keratins in wild-type and b1-null embryoid body cultures. Immuno¯uorescent staining of (A, B) K8 and (C, D) K14
on the 22nd day of culture. E and F represent secondary antibody controls (ns). (A, C, E) Wild-type; (B, D, F) b1-null ES embryoid bodies.
Bar in F, 33 mm (C, D, E, F); 82 mm (A, B).
Preparation and analysis of wild-type/b1-null chimeric mouse RESULTS
skin. Wild-type/b1-null chimeric mice were generated as de-
scribed by FaÈssler and Meyer (1995). Skin samples from an adult Detection of Epithelial-Speci®c Gene Products by
mouse were embedded in OCT (Miles Inc.) and snap frozen in liquid Immuno¯uorescence and RT±PCR
nitrogen-cooled isopentane. Seven-micrometer sections were cut
The wild-type D3 mouse ES cells were grown on a feederon a cryostat. The b-galactosidase gene product was identi®ed by
X-Gal staining as described by Carroll et al. (1993). layer of mouse embryonal ®broblasts and had the typical
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FIG. 3. Detection of epithelial-speci®c gene expression by RT±PCR at different stages of differentiation (A) (i.e., at 5 (wild-type only),
8, 12, 15, 20, 23 days of culture) and (C) in undifferentiated ES cells and mouse embryonal (ME) feeder cells. Sizes of the ampli®ed products
in (A) are as follows: K18, 213 bp; K14, 330 bp; K10, 278 bp; inv (involucrin), 150 bp; actin (control), 320 bp. (B) Control reactions were
performed using actin primers and omitting the reverse transcriptase.
morphology in the undifferentiated state (Doetschmann et The differentiation of both wild-type D3 and b1-de®cient
G-201 ES cells was initiated by growing the cells in hangingal., 1985). In contrast, their b1-de®cient variants D3/G-201
(FaÈssler et al., 1995), which have been generated by targeted drops, where they formed aggregates within 2 days (Fig. 1).
Thereafter, the growing embryoid bodies were cultured indisruption of the b1 gene in D3 cells, creating homozygous
b1 0/0 cells, would only grow without a feeder layer and suspension for another 3 (wild-type) or 7 (b1-null) days. As
described recently (FaÈssler et al., submitted for publication),displayed a signi®cantly different morphology (FaÈssler et
al., 1995). In order to study the in¯uence of b1 on the differ- it was necessary to incubate wild-type and b1-null cells for
different times in suspension, in order to achieve equivalententiation of ES cells into epithelial cells, we used the in
vitro differentiation protocol illustrated in Fig. 1. development. The 5 (wild-type)- and 9 (b1-null)-day-old em-
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FIG. 4. Expression of integrins by wild-type and b1-null embryoid body cultures at 21 days. Confocal microscope analysis of (A, B) b1 ;
(C, D) a3 ; (E, F) a6 ; and (G, H) b4 subunits. I and J represent secondary antibody controls (ns). (A, B, E±H) Nonpermeabilized cells; (C, D,
I, J) acetone-permeabilized. Bar in J, 40 mm (A, B, E, F, I, J) and 28 mm (C, D, G, H).
189
09-23-96 15:23:16 dbal AP: Dev Bio
190 Bagutti et al.
their outgrowths were examined for the presence of epithe-
lial-speci®c proteins by immuno¯uorescent staining and for
the corresponding mRNAs by RT±PCR.
As indicated by the presence of keratin 19 ®lament net-
works in both wild-type and b1-null cells (Table 1), the ®rst
epithelial cells appeared after 12 days in culture. After 3
additional days, two further keratins, K8 and K18, were
detected in both wild-type and b1-null embryoid bodies, a
few positive cells being present as early as Day 12 in the
b1-null cells (Table 1, Figs. 2A and 2B).
From the 21st day of culture onward, patches of K14-
positive cells appeared in the wild-type cultures (Table 1,
Figs. 2C and 2D). In contrast, K14 was not detected in b1-
de®cient embryoid bodies at the corresponding stage. Both
types of culture were still positive for K8 and K18 but the
number of cells expressing K19 began to decline (Table 1).
The presence of K14 in the wild-type embryoid bodies
suggested that keratinocytes might have arisen in the cul-
tures. However, when the cultures were examined for two
markers of the epidermal keratinocyte terminal differentia-
tion programme, K1 and involucrin, neither protein was
detected (Table 1). Even at later stages (27th±33rd days of
differentiation), when the wild-type and b1-null embryoid
bodies had lost K19 almost completely but were still posi-
tive for K8 and K18, immuno¯uorescent staining for K1 and
involucrin was negative (Table 1). In addition, antibodies
to K16, a keratin marker of terminal differentiation in hyper-
proliferative epidermis (Lane and Alexander, 1990), never
gave positive staining of the cultures (data not shown).
To compare the expression of the epithelial and epidermal
cell-speci®c proteins with the expression of the correspond-
ing mRNAs and to use a more sensitive method of detecting
gene expression, we performed RT±PCR. For this purpose,
mRNA was isolated from the embryoid bodies of both wild-
type and b1-null cells and reverse transcribed. Speci®c prim-
ers were used to amplify the transcripts of K18, K14, K10,
and involucrin. As a control, PCR was performed with actin
primers on all RNA lysates without prior reverse transcrip-
tion reaction (shown in Fig. 3B). In addition, all epithelial-
speci®c genes tested were found to be activated only upon
differentiation since undifferentiated ES cells failed to pro-
duce the transcripts (Fig. 3C).
As shown in Fig. 3A, K18 transcripts were already detect-
able in 5-day wild-type and 8-day b1-null embryoid bodies,
several days earlier than the proteins were visualized by
immuno¯uorescence. The RT±PCR results for the b1-null
embryoid bodies con®rmed those obtained by immuno-
¯uorescent staining, with respect to the absence of K14FIG. 5. Flow cytometry analysis of integrin expression. Wild-type
(solid lines) and b1-null cells (stippled lines) were cultured for 39 in the b1-null cultures. The expression of K10 and involu-
(A, B) and 25 (C) days. Antibodies were used to recognize the b1 crin in the wild-type cultures on the 20th and 23rd days
(A), a6 (B), and b4 (C) integrin subunits. Vertical mark on each x con®rmed that the ES cells were capable of developing into
axis indicates maximal ¯uorescence of cells incubated with the terminally differentiating keratinocytes, although neither
secondary antibody alone. of the two proteins were detectable by immunostaining.
Whereas we could never detect any K10 transcripts in the
b1-null embryoid bodies, involucrin ampli®cation some-bryoid bodies were allowed to attach to culture dishes so
times (e.g., Fig. 3A) produced a faint band on the 20th daythat cells could grow out from the embryoid bodies. At
various stages of differentiation, the embryoid bodies and only.
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FIG. 6. Identi®cation of keratinocyte cysts in ES cell tumors. (A, C, E) Wild-type; (B, D, F) b1-null. Cysts were double labeled with
antibodies to K14 (C, D) and involucrin (E, F). (A, B) phase-contrast images of cysts in C, E and D, F, respectively. Bar in E, 165 mm (A,
C, E) and 350 mm (B, D, F).
forms a heterodimer witha6 in keratinocytes and other epithe-Identi®cation of Integrin Subunits in Embryoid
lial cells. Monoclonal antibodies to extracellular domain epi-Body Cells
topes were used, except in the case of a3, where a rabbit
Since the lack of b1 should affect the surface expression of antibody to the cytoplasmic domain was applied.
the a integrin subunits that form heterodimers with b1, we Confocal microscope analysis of immuno¯uorescent
analyzed the expression of the a2, a3, and a6 subunits. We staining of embryoid body cultures showed b1 labeling of
the membrane of the wild-type but not of b1-null embryoidalso examined the surface expression of the b4 subunit which
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FIG. 7. Immuno¯uorescence staining of keratinocyte cysts in ES cell tumors, using antibodies to b1 (A, B), a3 (C, D), a6 (E, F), and b4
(G, H) integrin subunits. (A, C, E, G) Wild-type; (B, D, F, H) b1-null. All sections were double labeled with antibody to K14 (data not
shown). Bar in G, 165 mm (A, B, E, F) and 82 mm (C, D, G, H).
bodies (Figs. 4A and 4B), con®rming the absence of the b1 a3 integrin that has been synthesized but not exported to
the plasma membrane (see Hotchin et al., 1995).subunit in the b1-null cells (FaÈssler et al., 1995). In addition,
the b1-knockout embryoid bodies expressed virtually no The immuno¯uorescent staining observations were sup-
ported by ¯ow cytometry (Fig. 5). Disaggregated embryoidsurface a2 , a3 , a6 , or b4 , whereas all these integrin subunits
were detectable at high levels on the surface of the wild- body cells were ¯uorescently labeled using the same integrin
antibodies as for immuno¯uorescence and subjected to ¯owtype cells (Figs. 4C±4H and data not shown). The weak
cytoplasmic ¯uorescence observed in b1-null cells labeled cytometry on Days 25, 30, and 39 of culture. Both the b1 and
a6 integrin subunits were highly expressed on the surface ofwith the anti-a3 antiserum (Fig. 4D cf. 4J) probably re¯ects
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contained a peripheral ring of cells which stained positively
for K14, corresponding to basal keratinocytes (Figs. 6C and
6D). The interior living layers of the cysts expressed K1 and
involucrin and corresponded to suprabasal layers of keratino-
cytes undergoing terminal differentiation (Figs. 6E and 6F and
data not shown). In contrast to our ®ndings in the differentia-
tion studies in vitro, no signi®cant difference was detectable
between the differentiation capacity of wild-type and b1-null
ES cells in tumors.
Staining of the b1-null tumors with an anti-b1 antibody
was negative (Fig. 7B cf. 7A). Staining for both a2 (data not
shown) and a3 subunits was positive, but diffuse, which
might represent accumulation in the cytoplasm rather than
on the cell surface (Fig. 7D cf. 7C). a6 and b4 integrin sub-
units were both concentrated at the basement membrane
zone in wild-type- and b1-null-derived teratomas (Figs. 7E±
7H). Double-label immuno¯uorescence for the integrins
and K14 demonstrated coexpression, con®rming that inte-
grin expression was con®ned to the basal layer of keratino-
cytes (data not shown; see Watt and Hertle, 1994).
Identi®cation of b1-Null Keratinocytes in the
Epidermis of a Wild-Type/b1-Null Chimeric Mouse
To study the ability of b1-null ES cells to differentiate into
keratinocytes during embryonic development, we analyzed
the skin of a wild-type/b1-null chimeric mouse. Epidermis
from regions of the skin with agouti-colored hairs, indicat-
ing a high degree of chimerism, was stained with X-Gal to
identify b-galactosidase-expressing b1-null keratinocytes.
Figure 8A shows that there were patches of b1-null keratino-FIG. 8. Detection of b1-null and wild-type (b1-positive) cells in cytes in the epidermis. The histology and expression of K14the skin of a chimeric wild-type/b1-null mouse. (A) X-Gal staining
and K1 were identical to those of nonchimeric epidermisshows a patch of b1-null keratinocytes. (B, C) Immuno¯uorescence
from skin with black-colored hairs (data not shown). Con-labeling of b1 integrins in a black (i.e., wild-type; B) and an agouti
®rming the results obtained with X-Gal staining, positive(i.e., b1-null; C) coat-colored region. Bar in A, 62 mm.
immuno¯uorescence staining of b1 integrins was demon-
strated in epidermis of skin with black-colored hairs (Fig.
8B), whereas patches of b1-null keratinocytes were associ-
ated with agouti coat color (Fig. 8C). The sections con-wild-type cells and were absent from the surface of b1-null
cells (Figs. 5A and 5B, and data not shown). There was also a taining b1-null keratinocytes in the epidermis were also
stained with antibodies to a3 , a6 , and b4 ; a3 staining wasmarked reduction in b4 expression in b1-null cells, although
the ¯ow cytometry pro®le was bimodal and indicated that positive but diffuse and a6b4 showed normal polarization
at the basement membrane (data not shown).some cells expressed the same level of b4 as the wild-type
(Fig. 5C).
Assembly of the Extracellular Matrix
Differentiation and Integrin Expression of ES Cells To assess whether the b1-null cells might be impaired inin Experimental Tumors in Mice assembling an ECM, we analyzed the embryoid body cultures,
the ES cell tumors, and the epidermis of the wild-type/b1-nullSubcutaneous transplantation of ES cells into syngeneic
mice results in teratomas containing many different cell types chimeric mouse for the presence of ECM components.
As shown by immuno¯uorescent staining, wild-type cellsincluding keratinocytes (e.g., Lee et al., 1995). We therefore
compared the ability of wild-type andb1-null ES cells to differ- from embryoid body outgrowths (22 days of culture) were
capable of forming a dense network of ®bronectin ®bers,entiate into keratinocytes as tumors in vivo. Although the b1-
lacking tumors grew less well (R.F., unpublished), they formed whereas b1-null cells produced very few ®bronectin ®bers,
which were shorter and thicker than those in the wild-typevarious complex structures similar to the wild-type cells.
Most markedly, cryosections of the tumors revealed several (Figs. 9A and 9B). Similar results were obtained for laminin 1
(Figs. 9C and 9D) and type IV collagen (data not shown). Incysts resembling strati®ed squamous epithelia in both wild-
type and b1-null tumors (Figs. 6A and 6B). These structures contrast, in the teratomas, there was no difference in the dis-
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FIG. 9. Analysis of ECM assembly in 22-day-old embryoid body cultures (A±D), teratomas (E and F), and wild-type/b1-null chimeric
mouse skin (G and H). Wild-type (A, C, E) and b1-null (B, D, F) cells or tumor sections were immuno¯uorescently stained with antibodies
to ®bronectin (A, B), laminin 1 (C, D), and type IV collagen (E, F). The chimeric skin was stained for type IV collagen (G) and laminin 1
(H). Bar in E, 165 mm (A±D), 82 mm (E, F), and 41 mm (G, H).
tribution of collagen (Figs. 9E and 9F), ®bronectin and laminin ers of simple (K8, K18, K19) and strati®ed (K14, K19) epithe-
lia and furthermore that markers of the keratinocyte termi-(data not shown) between the wild-type- and b1-null-derived
tumors (in agreement with recent data of R.F., unpublished). nal differentiation pathway (K10, involucrin) can be de-
tected by RT±PCR. Interestingly, the temporal sequence ofWe also found collagen and laminin to be expressed normally
events, K8, K18, and K19 appearing ®rst and K14, K10, andat the basement membrane zone in the skin of the wild-type/
involucrin later in the differentiating cultures, ®ts with theb1-null chimeric mouse (Figs. 9G and 9H).
known timing of appearance of these keratins in developing
mouse embryos (Oshima et al., 1983; Blystone et al., 1994).DISCUSSION
The differentiating b1-null cells expressed the simple epi-
We have shown that wild-type ES cells are capable of thelial keratins, but not K14 or K10, and involucrin was
detected only occasionally and transiently. We thereforedifferentiating in vitro into epithelial cells expressing mark-
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conclude that the capacity of the b1-null cells to differenti- tion of the epidermal basement membrane (Marinkovich
et al., 1993) and that a6b4 polarization in keratinocytes isate into keratinocytes in vitro is severely impaired.
The ®nding that the b1-null cells were lacking surface dependent on ECM (De Luca et al., 1990). We suggest that
the basement membrane assembly associated with b1-nullexpression of the a2 and a3 integrins was expected since
these subunits form heterodimers exclusively with the b1 keratinocytes in vivo may thus be due to the contribution
of wild-type cells from surrounding stromal tissue. If thissubunit. The surface expression of b4 , which only partners
a6 , was markedly reduced and a6 , which forms heterodim- hypothesis is correct, then failure of differentiation in vitro
is due to absence of ECM rather than absence of b1 per se.ers with b1 and b4 , was undetectable. The mechanism of
down-regulation of b4 has still to be elucidated: it might be
due to the requirement of b1 for the synthesis of b4 in vitro,
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